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Rewrite a memory array from an initial state to a target state in a manner that
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the rewrite process. A memory system includes a memory array (408) and a
memory controller (104) configured to perform a rewrite process to change
the memory array (408) from an initial state to a target state in a manner
YES that avoids violating a set of weight constraints at any time during the
rewrite process.
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REWRITING A MEMORY ARRAY

BACKGROUND

[0001] Electronic data is typically represented using a binary number
system. The binary number system is one in which values may take on one of
two states, typically represented by a “1” and a “0”. Various types of memory
systems have been developed which include small programmable devices that
store a single bit as either a “1” or a “0”. For example, a transistor may be used
as a switch which is either in an ON state or an OFF state. The ON state may
be used to represent a “1” while the OFF state may be used to represent a “0”.

[0002] One type of memory architecture is the crossbar memory
architecture. The crossbar architecture includes two sets of interconnecting
wire segments. A memory element is placed at each crosspoint between each
wire segment. In one example, crossbar architecture may employ memristors
as memory elements. A memristor is a device which is able to change the
value of its resistance in response to various programming conditions. A
memristor may represent a “1” while in a low resistance state and a “0” while in
a high resistance state.

[0003] When resistance based memory elements such as memristors
are placed in a crossbar architecture, it may be desirable to limit the number of
memory elements in a low resistive state along a particular wire segment of the
crossbar architecture. Having too many memory elements in a low resistive
state along a particular wire segment may allow too much electric current to
pass through. Too much electric current passing through the wire segments
may potentially interfere with read/write operations and can also damage the

wire segments and other components of the read/write circuitry.
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[0004] The data stored on a memory array can be encoded so that
the number of memory elements in a low resistive state along a particular wire
segment is appropriately limited. However, during the process of rewriting the

memory array, these weight constraints may be violated.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The accompanying drawings illustrate various embodiments of
the principles described herein and are a part of the specification. The
illustrated embodiments are merely examples and do not limit the scope of the
claims.

[0006] Fig. 1is a diagram showing an illustrative physical computing
system, according to one example of principles described herein.

[0007] Fig. 2 is a diagram showing an illustrative crossbar memory
array, according to one example of principles described herein.

[0008] Fig. 3Ais a diagram showing an illustrative initial state of a
memory array, according to one example of principles described herein.

[0009] Fig. 3B is a diagram showing an illustrative target state of a
memory array, according to one example of principles described herein.

[0010] Fig. 4 is a diagram showing an illustrative memory array in a
transitioning state, according to one example of principles described herein.

[0011] Fig. 5Ais a diagram showing an illustrative memory array in an
intermediate state after one stage of a rewriting process has been performed,
according to one example of principles described herein.

[0012] Fig. 5B is a diagram showing an illustrative memory array in a
final state after the last stage of a rewriting process has been performed,
according to one example of principles described herein.

[0013] Fig. 6 is a flowchart showing an illustrative method for rewriting
a memory array, according to one example of principles described herein.

[0014] Throughout the drawings, identical reference numbers

designate similar, but not necessarily identical, elements.
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DETAILED DESCRIPTION

[0015] As mentioned above, when resistive based memory elements
such as memristors are placed in a crossbar architecture, it may be desirable to
limit the number of memory elements in a low resistive state along a particular
wire segment of the crossbar architecture. Having too many memory elements
in a low resistive state along a particular wire segment may allow too much
electric current to pass through. Too much electric current passing through the
wire segments may potentially interfere with read/write operations and may also
damage the wire segments and other components of the read/write circuitry.

[0016] The data stored on a memory array can be encoded so that
the number of memory elements in a low resistive state along a particular wire
segment is appropriately limited. However, during the process of rewriting the
memory array, these weight constraints may be violated.

[0017] One solution is to scan through an entire memory array and
set each memory element within the memory array to a high resistive state.
The process can then continue by scanning through the entire memory array
and setting each memory element to either a high resistive state or a low
resistive state depending on the data to be stored in the memory array.
Although this method prevents weight constraints from being violated during the
rewrite process, it requires that the entire memory array be scanned through
twice. This takes additional time and consumes additional power.

[0018] In light of this and other issues, the present specification
discloses efficient methods for rewriting a memory array so that given weight
constraints are not violated at any time during the rewrite process. This is done
by dividing the rewrite process into two stages. The first stage involves setting
the appropriate memory elements to a high resistive state and the second stage
involves setting the memory elements to a low resistive state. Methods
embodying principles described herein will ensure that during any period during
the transition from an initial state to a target state of a memory array, given

weight constraints are not violated.
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[0019] Throughout this specification and in the appended claims, the
term “initial state” refers to the state of a memory element or group of memory
elements within a memory array before a rewriting process begins. The term
“target state” refers to the state which a memory element or group of memory
elements will be in after the rewriting process has finished.

[0020] According to one illustrative example, the method for rewriting
the memory array includes scanning through each memory element in two
stages. During the first stage, if the target state for a particular memory
element is a high resistive state, then that particular memory element will be
rewritten to the high resistive state. After this first stage, fewer memory
elements will be in a low resistive state than were in the initial state. Due to
whatever coding process is used, the initial state will be such that the
constraints relating to how many memory elements can be in a low resistive
state are not violated. Therefore, reducing the number of memory elements in
a low resistive state will certainly not violate these constraints.

[0021] During the second stage, a second scan through each memory
element is made. During the second scan, if the target state for a particular
memory element is a low resistive state, then that particular memory element is
rewritten to the low resistive state. After the second stage, the memory array
will be in its target state. Because the target state is also encoded by whatever
coding process is used to prevent violation of the weight constraints, the state
of the array during and after the rewriting process will not violate the weight
constraints. Using this method, the number of writes performed will be equal to
the number of memory elements within the memory array.

[0022] The above described method does not require knowledge of
the initial state of the memory array. However, in some cases, the memory
controller maintains knowledge of the initial state of the memory array. In a
further example, in the case that the memory controller maintains knowledge of
the initial state of the memory array, the method for rewriting the memory array
also includes two scanning stages. During the first scanning stage, if the target

state for a particular memory element is a high resistive state and the initial
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state of that memory element is a low resistive state, then that memory element
is rewritten to a high resistive state.

[0023] During the second scanning stage, if the target state for a
particular memory element is a low resistive state and the initial state of that
memory element is in a high resistive state, then that memory element is
rewritten to the low resistive state. In this manner, the number of writes may be
less than the total number of memory elements within the memory array. This
is because a rewrite occurs only if there is a change between the initial state of
a memory element and the target state of that memory element. As with the
previously described example, switching the low resistive states to the high
resistive states before switching the high resistive states to the low resistive
states ensures that weight constraints are not violated at any time during the
writing process.

[0024] In the following description, for purposes of explanation,
numerous specific details are set forth in order to provide a thorough
understanding of the present systems and methods. It will be apparent,
however, to one skilled in the art that the present apparatus, systems and
methods may be practiced without these specific details. Reference in the

specification to “an embodiment,” “an example,” or similar language means that
a particular feature, structure, or characteristic described in connection with the
embodiment or example is included in at least that one embodiment, but not
necessarily in other embodiments. The various instances of the phrase “in one
embodiment” or similar phrases in various places in the specification are not
necessarily all referring to the same embodiment.

[0025] Referring now to the figures, Fig. 1 is a diagram showing an
illustrative physical computing system (100). According to certain illustrative
embodiments, a physical computing system (100) may be used to encode the
bits which are to be stored in a crossbar memory structure. A physical
computing system (100) may include a processor (110) and a memory (102)
having a memory controller (104). The memory (102) has encoding and

decoding software (106) and data bits (108) stored thereon.
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[0026] The physical computing system (100) may be embodied as
several different types of computing devices including, but not limited to, a
server, a laptop computer, a desktop computer, or a Personal Digital Assistant
(PDA), or a general processing device. In some embodiments, the physical
computing system may be a piece of hardware designed specifically for
encoding or decoding bits. According to a number of frameworks, the system
may be distributed geographically. For example, the user interface may be
running on a client computer with the memory and processor running on a
server computer. The physical computing system (100) may include a form of
memory (102) including, but not limited to, a magnetic disk drive, a solid state
drive, and/or an optical disc drive.

[0027] A memory controller (104) is a digital circuit which manages
the flow of data to and from the memory (102). In some cases, a memory
controller (104) is integrated with the memory (102) while in some cases the
memory controller is separate from the memory (102).

[0028] The encoding software (106) stored by the memory (102) may
be embodied as a computer readable code configured to cause a processor
(110) to execute various instructions related to encoding data bits (108) to be
stored on a crossbar memory structure.

[0029] Fig. 2 is a diagram showing an illustrative crossbar memory
array (200). According to certain illustrative examples, the crossbar array (200)
includes an upper set of wire segments (202) which are generally in parallel.
Additionally, a lower set of wire segments (204) is generally perpendicular to,
and intersects, the upper lines (202). Programmable memory elements (206)
are placed at the intersections between an upper wire segment (208) and a
lower wire segment (210).

[0030] According to certain illustrative examples, the programmable
memory elements (206) may be memristive devices. Memristive devices exhibit
a “memory” of past electrical conditions. For example, a memristive device may
include a matrix material which contains mobile dopants. These dopants can
be moved within a matrix to dynamically alter the electrical operation of the

memristive device.
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[0031] The motion of dopants can be induced by the application of a
programming condition such as an applied electrical voltage across a suitable
matrix. The programming voltage generates a relatively high electrical field
through the memristive matrix and alters the distribution of dopants. After
removal of the electrical field, the location and characteristics of the dopants
remain stable until the application of another programming electrical field. For
example, by changing the dopant configurations within a memristive matrix, the
electrical resistance of the device may be altered. The memristive device is
read by applying a lower reading voltage which allows the internal electrical
resistance of the memristive device to be sensed but does not generate a high
enough electrical field to cause significant dopant motion. Consequently, the
state of the memristive device may remain stable over long time periods and
through multiple read cycles.

[0032] According to certain illustrative examples, the crossbar array
(200) may be used to form a non-volatile memory array. Each of the
programmable memory elements (206) is used to represent one or more bits of
data. Although individual wire segments (208, 210) in Fig. 2 are shown with
rectangular cross sections, crossbars may also have square, circular, elliptical,
or more complex cross sections. The lines may also have many different
widths, diameters, aspect ratios and/or eccentricities. The crossbars may be
nanowires, sub-microscale wires, microscale wires, or wires with larger
dimensions.

[0033] According to certain illustrative examples, the crossbar
architecture (200) may be integrated into a Complimentary Metal-Oxide-
Semiconductor (CMOS) circuit or other conventional computer circuitry. Each
individual wire segment may be connected to the CMOS circuitry by a via (212).
The via (212) may be embodied as an electrically conductive path through the
various substrate materials used in manufacturing the crossbar architecture.
This CMOS circuitry can provide additional functionality to the memristive
device such as input/output functions, buffering, logic, configuration, or other
functionality. Multiple crossbar arrays can be formed over the CMOS circuitry to

create a multilayer circuit.
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[0034] Fig. 3Ais a diagram showing an illustrative initial state (300) of
a memory array (308). In the examples which will be shown throughout this
specification, a 5 x 5 memory array (308) will be used to illustrate the principles
associated with methods and systems described herein. However, the
principles described herein will also apply to larger memory arrays (308).

[0035] Fig. 3A illustrates a memory array (308) that includes five rows
(302) and five columns (304). The rows (302) are labeled 1 — 5 and the
columns (304) are labeled 1 — 5. The rows (302) and columns (304)
respectively may correspond to upper wire segments (e.g. 202, Fig. 2) and
lower wire segments (e.g. 204, Fig. 2).

[0036] The ones and zeros illustrated within the 5 x 5 memory array
(308) represent the data stored by the memory elements within the memory
array (308). In this example, a digital ‘1’ represents a low resistive state and a
digital ‘O’ represents a high resistive state. As mentioned above, it is desirable
to limit the number of memory elements which are in a low resistive state along
a particular wire segment. For example, a constraint may be that no more than
a fraction, such as a half, of the memory elements along a particular wire
segment should be in a low resistive state. Thus, no row (302) or column (304)
should store more than two ‘1’s. This limitation will be referred to as the weight
constraint.

[0037] As mentioned above, various coding functions can be used to
place data in a format so that when written to a memory array (308), the given
weight constraints are not violated. Thus, the initial state (300) of the memory
array (308) is in a state in which no weight constraints are violated. The
manner in which the coding functions encode the data to satisfy the weight
constraints is beyond the scope of the present specification. Thus, a detailed
description of such coding methods will not be given.

[0038] During normal operation of a memory array (308), the memory
array is rewritten as data is consistently being updated. Rewriting a memory
array is typically done by simply overwriting the old data with the new data.
When using a memory array which has weight constraints, new data will also be

coded so that those weight constraints will not be violated.
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[0039] Fig. 3B is a diagram showing an illustrative target state (306) of
a memory array (308). The target state (306) of a memory array (308) is the
state in which all memory elements of the memory array (308) will be storing the
new data intended to overwrite the old data. A memory array generally does
not operate by changing the state of each memory element simultaneously.
Rather, the writing circuitry scans through the memory array and rewrites each
memory element or a set of memory elements individually. During this rewriting
process, it is possible that the weight constraints may be violated. Violating the
weight constraints can damage the write circuitry or adversely affect the
performance of the writing circuitry.

[0040] Fig. 4 is a diagram showing an illustrative memory array (408)
in a transitioning state (400). Fig. 4 illustrates the 5 x 5 memory array (408) of
Fig. 3 as it is transitioning from the initial state of Fig. 3A to the target state of
Fig. 3B. The order in which the memory elements may be rewritten may vary.
One order which may be used is referred to as the raster scan order. With a
raster scan order, the memory elements are scanned sequentially through each
column of each row. For example, the scan order starts with the first row and
progresses through each column (404). After completion of the first row, the
scan continues on the second row and scans through each column (404) of the
second row. This process continues until all rows (402) have been scanned.

[0041] When transitioning between the initial state of Fig. 3A and the
target state of Fig. 3B using a raster scan order, there will be periods when one
or more weight constraints are violated. The point within the transition between
the initial state and the target state is illustrated by the bolded and underlined
“1’s and ‘0’s representing the data which has already been rewritten. The non-
bolded and non-underlined ‘1’s and ‘0’s represent the data which has yet to be
rewritten. Fig. 4 marks the rows (402) and columns (404) which have weight
constraint violations (406) at the illustrated point in the transition process. To
avoid such weight constraint violations, the present specification discloses a
method of rewriting the memory array (408) so that no weight constraints are

violated during the rewrite process.
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[0042] As mentioned above, one way to rewrite the memory array
(408) such that weight constraints are not violated is to scan through each
memory element in two stages. During the first stage, if the target state for a
particular memory element is a high resistive state, then that particular memory
element will be rewritten to a high resistive state.

[0043] Fig. 5A is a diagram showing an illustrative memory array
(508) in an intermediate state after the first stage of the rewriting process has
been performed. During and after this first stage, fewer memory elements will
store a digital ‘1’ compared to the number of memory elements that stored a
digital ‘1’ in the initial state (e.g. 300, Fig. 3A). Because the initial state is such
that the constraints regarding how many memory elements can store a digital ‘1’
are not violated, any intermediate state as well as the final state (e.g., 500)
during the first stage of the rewriting process will also not violate these
constraints. Each row (502) and each column (504) will satisfy the given weight
constraint

[0044] Fig. 5B is a diagram showing an illustrative memory array
(508) in a final state after the second stage of a rewriting process has been
performed. During the second stage, a second scan through each memory
element is made. During the second scan, if the target state for a particular
memory element is a low resistive state, then that particular memory element is
rewritten to the low resistive state. After the second stage, the memory array
(508) will be in its target state. Because the target state is also encoded by
whatever coding process is used to prevent violation of the weight constraints,
the state of the array during and after the rewriting process will not violate the
weight constraints.

[0045] Using this method, the number of writes performed will be
equal to the number of memory elements within the memory array (508).
Specifically, all the digital ‘0’s of the target state will be written during the first
stage and all the digital ‘1’s of the target state will be written during the second
stage.

[0046] The previously described method for rewriting a memory array

(508) does not require that the initial state of the memory array (508) be known.
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In some cases, the memory controller (e.g. 104, Fig. 1) for the memory array
(508) will be aware of the initial state of the memory array (508). In this case,
the method for rewriting the memory array (508) may use the knowledge of the
initial state to transition between the initial state and the target state with fewer
write operations.

[0047] According to one illustrative example, this method for rewriting
the memory array (508) also includes two scanning stages. During the first
scanning stage, if the target state for a particular memory element is a high
resistive state and the initial state of that memory element is a low resistive
state, then that memory element is rewritten to a high resistive state. Thus,
both the initial state and the target state for each memory element are tested.
Only the memory elements which change between the initial state and the
target state will be rewritten. Fig. 5A illustrates the memory elements which will
change during this stage with a bolded ‘0’.

[0048] During the second scanning stage, if the target state for a
particular memory element is a low resistive state and the initial state of that
memory element is in a high resistive state, then that memory element is
rewritten to the low resistive state. Fig. 5B illustrates the memory elements
which will be rewritten during this stage with a bolded ‘1"

[0049] Through use of this method, the number of writes may be less
than the total number of memory elements within the memory array (508). In
this example, only 17 rewrites take place. This is because a rewrite occurs only
if there is a change between the initial state of a memory element and the target
state of that memory element. As with the previously described example,
switching the low resistive states to the high resistive states before switching the
high resistive states to the low resistive states ensures that weight constraints
are not violated.

[0050] In some cases, the order in which the memory elements are
scanned may be optimized so that the overall power consumption is reduced.
These orders may be applied to both stages of a rewrite operation. In some
cases, different scan orders may be used for different stages to further optimize

power efficiency.
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[0051] For example, when changing memory elements from a high
resistive state to a low resistive state, the power consumption can be reduced
by the following scan order. This scan order is for the case where the voltage
sources used to rewrite memory elements are closest to the first row and the
first column. First, the memory elements in the first row are rewritten, and then
the memory elements in the first column are rewritten. Next, the memory
elements in the second row are rewritten, except for the memory element in the
first column which has already been rewritten. Then, the memory elements
within the second column are rewritten, except for the memory element in the
first row which has already been rewritten. This process continues through
each row and each column of the memory array. When changing memory
elements from a low resistive state to a high resistive state, then the scan order
can be the reverse of the order described above.

[0052] Fig. 6 is a flowchart showing an illustrative method (600) for
rewriting a memory array. According to certain illustrative examples, the
method includes rewriting (block 602) a memory array from an initial state to a
target state in a manner that avoids violating a set of weight constraints
associated with the memory array. To rewrite the memory array, the method
may determine (decision 604) whether or not the initial state of the memory
array is available in the memory controller.

[0053] If the initial state of the memory array is not (decision 604, NO)
available in the memory controller, then the method continues by scanning
(block 606) through each of a number of memory elements of the memory array
and for each of the number of memory elements, setting that memory element
to a high resistive state if a target state for that memory element is the high
resistive state; and scanning (block 608) through each of the number of
memory elements of the memory array and for each of the number of memory
elements, setting that memory element to a low resistive state if a target state
for that memory element is the low resistive state.

[0054] If the initial state of the memory array is (decision 604, YES)
available in the memory controller, then the method continues by scanning

(block 610) through each of a number of memory elements of the memory array
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and for each of the number of memory elements, setting that memory element
to a high resistive state if an initial state for that memory element is in a low
resistive state and a target state for that memory element is a high resistive
state; and scanning (block 612) through each of the number of memory
elements of the memory array and for each of the number of memory elements,
setting that memory element to the low resistive state if an initial state for that
memory element is in the high resistive state and a target state for that memory
element is the low resistive state.

[0055] In conclusion, the present specification discloses methods and
systems for rewriting a memory array so that given weight constraints are not
violated. This is done by dividing the rewrite process into two stages. The first
stage involves setting the appropriate memory elements to a high resistive state
and the second stage involves setting the memory elements to a low resistive
state. Methods and systems embodying principles described herein will ensure
that during any period during the transition from an initial state to a target state
of a memory array, given weight constraints are not violated.

[0056] The preceding description has been presented only to illustrate
and describe embodiments and examples of the principles described. This
description is not intended to be exhaustive or to limit these principles to any
precise form disclosed. Many modifications and variations are possible in light

of the above teaching.
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CLAIMS

WHAT IS CLAIMED IS:

1. A method for rewriting a memory array (408) comprising a number of
memory elements (206), the method comprising;

performing a rewrite process (602) to change said memory array (408)
from an initial state to a target state in a manner that avoids violating a set of

weight constraints at any time during said rewrite process.

2. The method of claim 1, in which rewriting (602) said memory array (408)
comprises:

scanning (606) through each of a number of memory elements (206) of
said memory array (408) and, for each of said number of memory elements
(206), setting that memory element (206) to a first state if a target state for that
memory element (206) is said first state; and

scanning (608) through each of said number of memory elements (206)
of said memory array (200) and, for each of said number of memory elements
(206), setting that memory element (206) to a second state if a target state for

that memory element (206) is said second state.

3. The method of claim 1, in which rewriting (602) said memory array (408)
comprises:

scanning (606) through each of a number of memory elements (206) of
said memory array (408) and for each of said number of memory elements
(206), setting that memory element to a first state if an initial state for that
memory element is in a second state and a target state for that memory
element is a first state; and

scanning (608) through each of said number of memory elements (206)
of said memory array and for each of said number of memory elements, setting

that memory element to said second state if an initial state for that memory
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element is in said first state and a target state for that memory element is said

second state.

4. The method of any preceding claim, in which said memory elements

(206) are memristive memory elements.

5. The method of any preceding claim, in which said memory elements

(206) are rewritten in a specified order to reduce power consumption.

6. The method of any preceding claim, in which at least one of said weight
constraints is that less than a fraction of said memory elements (206) along a

wire segment are allowed to be in a low resistive state.

7. A memory system comprising:
a memory array (408); and
a memory controller (104) configured to:
perform a rewrite process (602) to change said memory array
(408) from an initial state to a target state in a manner that avoids violating a set

of weight constraints at any point during said rewrite process.

8. The system of claim 7, in which said memory controller (104) is
configured to:

Scan (606) through each of a number of memory elements (206) of said
memory array (408) and for each of said number of memory elements, setting
that memory element to a high resistive state if a target state for that memory
element is said high resistive state; and

scan (608) through each of said number of memory elements (206) of
said memory array (408) and for each of said humber of memory elements,
setting that memory element to a low resistive state if a target state for that

memory element is said low resistive state.
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9. The system of claim 7, in which said memory controller is configured to:

scan (606) through each of a number of memory elements (206) of said
memory array (408) and for each of said number of memory elements, setting
that memory element to a high resistive state if an initial state for that memory
element is in a low resistive state and a target state for that memory element is
a high resistive state; and

scan (608) through each of said number of memory elements (206) of
said memory array (408) and for each of said humber of memory elements,
setting that memory element to said low resistive state if an initial state for that
memory element is in said high resistive state and a target state for that

memory element is said low resistive state.

10.  The system of any of claims 7 to 9, in which said initial state of said

memory array (408) is available in said memory controller (104).

11.  The system of any of claims 7 to 10, in which said memory elements

(206) are memristive memory elements.

12.  The system of any of claims 7 to 11, in which said memory elements

(206) are rewritten in a specified order to reduce power consumption.

13. The system of any of claims 7 to 12, in which at least one of said weight
constraints is that less than a fraction of said memory elements (206) along a

wire segment are allowed to be in a low resistive state.

14. A method for rewriting a memory array (408) comprising a number of
memory elements (206), the method comprising;

scanning (606) through each of said number of memory elements (206)
of said memory array (408) and, for each of said number of memory elements
(206), setting that memory element to a high resistive state if an initial state for
that memory element is in a low resistive state and a target state for that

memory element is a high resistive state; and

16
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scanning (608) through each of said number of memory elements (206)
of said memory array (408) and, for each of said number of memory elements
206, setting that memory element to said low resistive state if an initial state for
that memory element is in said high resistive state and a target state for that

memory element is said low resistive state.

15. The method of claim 14, in which said memory elements (206) are

memristive memory elements.
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